Bundle sheath strands were isolated from maize (Zea mays L.) leaves treated with preparations of ceilulase, hemicellulase, and pectinase. A three-phase discontinuous gradient yielded two fractions of envelope membranes from bundle sheath chloroplasts. Buoyant densities were 1.06 and 1.09 g cm-3. The lighter fraction contained membrane vesides under light microscopy, but centrifugation produced a peilet that was too small and unstable for purposes of electron microscopy. The heavier fraction contained single and double membrane vesides and was studied further. Enzymic, chemical, Ught microscopic, and electron microscopic examination showed less than 2% contamination by stromal contents, no contamination by microbial, microsomal, or mitochondrial membranes, and possible low levels of lamellar membrane contamination. Yields of 0.5 mg of envelope membrane protein were obtained from 56-g leaf sections. The Mg2e-dependent nonlatent ATPase activity, a marker enzyme for chloroplast envelope membranes, was 40 ,umoles Pi released hr-' mg protein-', a value similar to that obtained with pure mesophyll chloroplast envelope membranes from other plants.
Envelope membranes have been isolated from mesophyll chloroplast derived from a number of plant species including C3 and C4 (2, 8, 12, 15, 16) , but the successful isolation of envelope membranes from bundle sheath chloroplasts has not previously been described. The permeability properties and biochemical characterization of the mesophyll envelope membranes have been extensively studied (13, 14, 16) . Similar data for the bundle sheath envelope membranes would be of interest, for example, as a further test of the validity of the Hatch-Slack pathway (1) proposed for C4 plants with high rates of net photosynthesis. Differences between the biochemical properties of the mesophyll and bundle sheath envelope membranes may help explain variations in the permeability and metabolite transport of chloroplasts, and ultimately be related to photosynthetic efficiency. This paper describes a method for the isolation of envelope membranes from bundle sheath chloroplasts of maize. vested from plants 4 to 6 weeks old. The midvein was removed and the leaf halves were cut into sections 2 to 4 cm in length. About 56 g of leaf sections were divided into 7-g batches and were ground at full speed in 30 ml of Jensen and Bassham's solution A (4) for 2 min at 4 C in a Waring Blendor. Each homogenate was filtered through six layers of cheesecloth. The entire residual material on the cheesecloth from eight separate filtrations was removed and added to 150 ml of solution A containing 1.0% (w/v) each of combined preparations of cellulase (Calbiochem), hemicellulase (Sigma), and pectinase (Sigma). The suspension was gently stirred during enzymic treatment for 45 min at room temperature. The suspension was next filtered through six layers of cheesecloth and the residue washed with 50 ml of solution A. The residue, containing the bundle sheath fibers, was divided in four parts. Each part was homogenized separately in the Waring Blendor for 45 sec at full speed in 25 ml of solution A at 4 C. The homogenate was filtered through six layers of cheescloth and the filtrate was centrifuged at 2,000g for 10 min at 4 C. The resulting pellet consisted of bundle sheath chloroplasts.
MATERIALS AND METHODS
Chloroplast Envelope Membranes. Each of the four chloroplast pellets was suspended in 3.0 ml of 367 mm sucrose in 50 mM Tricine buffer (pH 7.6). A 5-ml hypodermic syringe with a 10-cm 14 gauge cannula was used to suspend the chloroplasts, and the hydrodynamic shear forces developed in the cannula released the envelope membranes. The suspension was fractionated on a three-phase discontinuous sucrose gradient, the concentrations of which were established from preliminary experiments with a continuous sucrose gradient. The sucrose gradient, buffered as described above, consisted from top to bottom of 12 ml of the suspension of chloroplasts in 367 mm sucrose, 9 ml of 564 mm sucrose, and 6 ml of 806 mm sucrose. Tubes containing the sucrose gradient were centrifuged in a swinging bucket rotor (type SW 25.1) at 4 C for 90 min at 24,000 rpm (78,000g at Rmax) in a Beckman model L preparative centrifuge, after which time two pale bands, visible as milky white bands with back lighting, were present at the two interfaces. The upper and lower bands containing envelope membranes were carefully removed to avoid turbulence.
Electron Microscopy. Chloroplast envelope membranes were fixed with 2% glutaraldehyde in 100 mm cacodylate buffer at pH 7.4, and postfixed in 1% osmium tetroxide in the buffer. The fixed material was embedded in Spurr resin as described previously (16) . Sections cut with a diamond knife were stained with uranyl acetate and lead citrate, and were examined with a Zeiss EM9 S-2 electron microscope.
Enzyme Assays. Ribulose bisphosphate carboxylase and carbonic anhydrase activities were assayed by the procedures of Paulsen and Lane (11) as modified by Murai and Akazawa (9), and Rickli et al. (18) , respectively. NAD(P)H/Cyt c oxidoreductase activity was measured by the method of Douce et al. (3) . The Mg2+-dependent ATPase activity was measured by the Plant Physiol. Vol. 60, 1977 procedure of Nelson et al. (10) . Protein was determined with Folin reagent (7) and inorganic phosphorus with molybdate reagent (6) .
RESULTS AND DISCUSSION
Treatment of the leaf material yielded a preparation of intact bundle sheath strands (Fig. 1) . Bundle sheath chloroplasts isolated from these strands were shown to be intact and free of debris ( Fig. 2A) , as verified with phase contrast microscopy, light microscopy, and electron microscopy. No evidence of any mitochondria was observed with the electron microscope.
Attempts to use osmotic shock followed by homogenization for the removal of envelope membranes, as used with mesophyll chloroplasts of spinach, sunflower, and maize (15, 16) , failed to give good preparations with bundle sheath chloroplasts. Examination of material treated this way by an electron microscope showed that envelope membranes of bundle sheath chloroplasts we'r6 badly fragmented. Subsequent experiments demonstrated that forces developed during suspension of the bundle sheath chloroplasts in a hypodermic syringe, and centrifugation forces on the three-phase sucrose gradient were sufficient to cause the detachment of the envelope membrane. The envelope membranes of bundle sheath chloroplasts are either more fragile than their mesophyll counterparts, or the steps used in the isolation procedure weakened them.
Two envelope membrane bands were observed as with material isolated from mesophyll chloroplasts (16) . These bands were located at the two interfaces of the three-phase discontinuous sucrose gradient and had a buoyant density of 1.06 and 1.09 g cm-3, respectively. Both bands were observed to contain membrane vesicles under the light microscope at x 1,000 with oil immersion. Centrifugation of the upper band produced a yellow-tan, jelly-like material, which dissolved during the fixation processes involved in preparing samples for electron microscopy, and accordingly could not be examined. The volume of the lower band was about 3.0 ml and contained 0.5 mg protein derived from 56.0-g leaf sections.
The lower band, under the electron microscope, showed a mixture of single (incomplete) and double membrane (complete) vesicles (Fig. 2, B and C) . Their size and appearance are similar to those described previously for envelope membranes derived from mesophyll chloroplasts (16) . Estimates made from 30 electron micrographs showed that about 30% of the membrane vesicles were complete double membranes. Vesicles containing starch grains or holes caused by the removal of starch grains during some step of the electron microscopy procedures were observed on occasion (Fig. 2D) .
The chloroplast envelope membranes were free of bacterial and fungal contamination, as verified by light and electron microscopy. Enzyme assays with 0.15 mg of envelope membrane protein were used to determine levels of contamination by the chloroplast stroma or by membranes arising from mitochondria or microsomes.
Assays for ribulose bisphosphate carboxylase activity in the envelope membranes contrasted with levels of 250 ,umol/mg Chl -hr found by myself and others (5) 
